ABSTRACT
INTRODUCTION

21
In recent years, footbridges have become an important component of our urban infrastructure.
22
These structures serve to provide safe means for pedestrians to pass over urban roads and highways, control the design of this type of structure (Sánchez et al. 2013) . Unfortunately, most design-and-
32
construction codes neglect pedestrian-bridge interactions, and simply assume that the pedestrian
33
can be represented as a moving load traversing the bridge (Blanchard et al. 1977; Rainer et al. 34 1988). However, this approach ignores the dynamic effects of human-structure interaction (HSI)
35
which is viewed as the fundamental source of uncertainty in the dynamic response of footbridges.
36
At this time serviceability guidelines are limited in considering the fact that changes occur 37 in the dynamic properties of pedestrian bridges due to these dynamic interactions with moving 
94
This paper is organized as follows. First, the mathematical substructuring approach used to 95 represent the system dynamics is developed. The equations for each subsystem are described,
96
and a discussion of how the inputs and outputs of each substructure interact with each other are 97 provided. Then, an experimental study is described and the associated bridge and pedestrian 98 models are constructed. Test subjects with different physical characteristics are considered, and 
116
In this coupled model the interaction effects, and thus the modal characteristics of the combined 117 system, change with the position of the contact location (see Fig. 1 ). By decomposing the PBI 118 system into two substructures, and feeding the inputs from the complementary dynamic system 119 into each substructure, the dynamic interaction is directly included. The contact force generated 120 by the pedestrian is the input to the bridge, and the structure's vertical acceleration is the input to 121 the pedestrian model. The individual substructure equations do not vary, and to model the fully 122 coupled system the contact location must only be modified at each time step. In the following 123 subsections, the PBI model and the formulation of each of the substructures is discussed. Then, the 124 interactions between the bridge and pedestrian are described such that the PBI can be represented 125 as a feedback system. Throughout the mathematical formulation, bold, italic, and plain letters refer 126 to matrices, vectors, and scalars, respectively.
127
Bridge Substructure
128
A typical FE model of a bridge is shown in Fig. 2 considered to be an input of the method.
134
The equation of motion of the general bridge substructure (BS) is represented by
136
where M B , C B , and K B ∈ R n×n are the mass, damping, and stiffness matrices of the bare structure 137 after condensation. Here, y (t), y (t), and y (t) ∈ R n are vectors containing the nodal acceleration,
138
velocity and displacement responses, respectively. This output of the bridge subsystem will be used
139
as the input to the pedestrian substructure. L (t) ∈ R n is a column vector which varies with time 
142
This vector is populated with zero entries except at the DOF corresponding to nodal displacement 143 of the deck where the pedestrian is acting. F con i (t) represents the force imparted by the pedestrian 144 on the bridge at the i th point of contact and can be written as
146 where w(t) and w(t) are the vertical velocity and displacement of the pedestrian's body center 147 of mass relative to the bridge, respectively. The biodynamic parameters k p and c p are the linear 148 coefficients of the spring and viscous dashpot, respectively. As a result, at the i th step, the only input 149 applied to the bridge substructure is the distribution vector L (t) times the contact force F con i (t).
150
These feedback links are shown in Fig. 2 .
151
The equation for the bridge substructure in Eq.
( 1) 
160
where
and n, in Eq. (5), is the number of degrees of freedom of the condensed FE bridge model. 
In this study, it is assumed that the pedestrian walks at a constant velocity, which is included directly integrated into the model.
218
The solution to these equations is obtained with a procedure that has the advantage of being 
226
To solve for the response of this system, the equations of motion are solved numerically for the 227 time period S t = 1/F p within each pedestrian step (the average step time taken by the pedestrian).
228
Then, to simulate the response during the next step length, the final conditions of the system at 229 the end of that step length are used as the initial conditions for the next step length. To begin, pedestrian-induced excitation with a pedestrian walking at a typical pace. The structure is a W 30x132 sensitivity of (±10%) 500 mV/g and a frequency range from 0.5 to 3 kHz.
257
To identify the dynamic properties of the bridge alone in this configuration, forced vibration 258 testing is first conducted. The bridge is excited using an electrodynamic shaker placed at 1. rates were used ranging from slow to fast (1.7, 1.8, 1.9, 2.0, 2.1, and 2.2 Hz). For each subject, the 296 tests were first conducted on a rigid floor, and then on the flexible bridge. These tests were useful 297 for model comparisons, as well as for parameter estimation.
298
The pedestrian motion was captured using a portable and non-invasive, triaxial accelerometer
299
(STMicroelectronics k330 3-axis accelerometer). The accelerometer has a range of ±2 g and a
300
resolution of 61 µg. The data were sampled at 100 Hz, and an elliptical low-pass filter with 301 cut-frequency at 50 Hz was used. This device was placed close to the subject's BCOM with a belt 302 around the waist. The device was affixed to the subject firmly above the sacrum along the spine to 303 record trunk acceleration in the vertical direction.
304
To identify the parameters of the biodynamic model of the pedestrian, the experimental vertical shown in Fig. 9 . Here the subject S A was instructed to walk at F p = 1.9 Hz using a metronome. And
319
as an input to the model, an initial velocity, as stated previously, was used here to emulate the effect 320 when the heel strikes the floor in each step, as shown with the dash-dotted line in Fig. 9 dynamic simulation is performed to obtain the response of the feedback system described in Eqs. (4) 328 and (7), using a single pedestrian. The identified biodynamic parameters shown in Table 1 are used.
329
Additionally, the moving force (MF) and moving oscillator (MO) models are considered to assess 330 the relative capabilities and limitations of the modeling methods when interaction is present.
331
For all simulations, the identified model of the footbridge is used. The MO model described given in Table 1 . Alternatively, the MF model uses a moving force determined based on the weight 336 of the pedestrian. Both of these models also include a periodic function that has been shown to 337 represent the vertical force applied by a walker (Bachmann et al. 1995) . This function is expressed 338 as a Fourier series multiplied by the mode shape to obtain the effective modal force, as in response Y exp (t m ), is computed at each time sample t m , and appropriately normalized and compared.
354
The IRE is a measure of the instantaneous normalized error, and is computed at each individual time and is computed using the complete response history. The IRE and NRMSE are calculated using
357
Eqs. (10) and (11).
360
A total of 81 tests were conducted with the three subjects. 57 of these were recorded while a instructed to walk at F p = 1.9 Hz following the beat of a metronome. However, in Fig. 10 time. In both cases, when the subject walks at a specified pace of 1.9 Hz (see Fig. 11 (c)) or at a 392 self-selected rate with an estimated average pace frequency of 1.98 Hz (see Fig. 11(d) 
446
Also, a method is established and verified here to identify reliable biodynamic properties (i.e. Bachmann, H., Ammann, W. J., Deischl, F., Eisenmann, J., Floegl, I., Hirsch, G. H., Klein, G. K., 
Step length 
Step length The equation of motion of the general FE model is represented as
136 he pedestrian substructure (PS) is modeled here using the biodynamic characteristics as w put parameters which have been reported in several studies (Toso et al. 2013; Pfeil et ; Ortiz-lasprilla and Caicedo 2015) . The biodynamic parameters consist of a lumped mass ed to a linear spring and a viscous linear dashpot with coefficients k p and c p , respectiv dditional input parameter is the value of the non-zero initial velocity condition w (t o ). tion in the PS is initiated, at each iteration, by imparting a vertical initial velocity w (t o ) to trian mass at the time defined as the instant when the heel strikes the ground. This appro able of representing the vertical movement of the BCOM as it generates the transient effe bridge response due to the heel strike. is directly integrated into the model.
214
